INTRODUCTION
============

Cardiovascular complications are an important cause of mortality in persons with diabetes.[@B1][@B2] Vascular complications in diabetes are characterized pathologically by proliferation and migration of vascular smooth muscle cells (VSMCs), thickening of intima, and limited blood vessels in atherosclerotic vessels.[@B3] Proliferation of VSMCs is an important pathologic process in various cardiovascular diseases, including atherosclerosis, restenosis, and hypertension. Diabetes mellitus-induced early atherosclerosis is used as a model of vascular disease in animal research and cell culture studies.[@B3] Some clinical studies have demonstrated that postprandial hyperglycemia is associated with further cardiovascular disease and is more significant than total exposure of hyperglycemia.[@B4] In addition, glucose fluctuations have more potent effects on oxidative stress than chronic sustained hyperglycemia in type 2 diabetes patients.[@B5] Numerous mechanisms have been studied concerning the proliferation and migration of VSMCs and anti-atherosclerotic effects of flavonoids.[@B6][@B7][@B8] Mitogen-activated protein kinases (MAPK) have an important role in cell growth, differentiation, and apoptosis. Extracellular signal regulated kinase 1/2 (ERK1/2), big MAPK 1 (BMK1), c-Jun N-terminal protein kinase (JNK), and p38 are related to cell proliferation and differentiation. Among them, BMK1, a newly identified member of the MAPK family, has been found to be related to cell migration.[@B9] However, there is little information about the effect of glucose fluctuations in VSMCs. Therefore, we focused on flavonoids inhibiting proliferation and migration of VSMCs induced by intermittent hyperglycemia. Rutin (C~27~H~30~O~16~) is an important member of the flavonol subclass of flavonoids. Rutin has a wide variety of pharmacological activities; however, there is insufficient data regarding its activity in the proliferation and migration of VSMCs by intermittent hyperglycemia.

The purpose of this study was to investigate the effects of rutin on the proliferation and migration of VSMCs stimulated by glucose fluctuations in an obese rat model of type 2 diabetes.

MATERIALS AND METHODS
=====================

Study animals
-------------

Age-matched male Otsuka Long-Evans Tokushima Fatty (OLETF) rats, a model of spontaneous noninsulin-dependent diabetes mellitus, were kindly provided by Otsuka Pharmaceutical Co., Tokushima, Japan.

Cell culture
------------

VSMCs were harvested from the thoracic aortas of 12-week-old male OLETF rats by elastase and collagenase digestion, as previously described.[@B10] Cells were grown in Dulbecco\'s modified Eagle\'s medium (DMEM, Gibco-BRL, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) in a 37℃, 5% CO~2~, humidified incubator. At confluence, cells were trypsinized using 0.125% trypsin in 0.005% ethylenediaminetetraacetic acid (EDTA, Sigma Chemical Co., St. Louis, MO, USA). Cells from passages 7-13 were used for the experiments. The cells grew in the \"hill and valley\" pattern, which is characteristic of VSMCs in culture and showed positive immunostaining with antismooth muscle α-actin antibodies.[@B11]

Treatment of cells with reagents
--------------------------------

Cultured VSMCs were seeded into 96-well plates (1×10^4^ cells/well) in DMEM with 10% FBS and incubated for 48 h. Cells were made quiescent by incubation in DMEM with 0.1% FBS for 24 h before the addition of rutin (Sigma, St. Louis, MO, USA). The cells were then incubated for another 72 h in DMEM with 10% FBS in the presence of various concentrations of glucose (5.5 and alternating 5.5 and 25 mM for 12 h).

Cell proliferation assay
------------------------

Cell proliferation was evaluated by the methylthiazoletetrazolium (MTT, Sigma) assay and expressed as cell viability (%). VSMCs were incubated in the presence of 1, 10, 30, and 100 µM rutin for 72 h with various concentrations of glucose (5.5 and alternating 5.5 and 25 mM). MTT solution (5 mg/mL in phosphate-buffered saline) was then added to each well, and the plates incubated for 4 h. The MTT formazan product was solubilized by the addition of dimethyl sulfoxide (Sigma), and the absorbance was measured at 570 nm using an ELx800 Absorbance Microplate Reader (Biotek, Winooski, VT, USA).

Cell migration assay
--------------------

Cell migration activity was determined using a Radius 24-well assay kit (Cell Biolabs, San Diego, CA, USA), consisting of a circular biocompatible gel in each well, according to the manufacturer\'s instructions. Briefly, VSMCs were seeded in the assay plates and cultured for 12 h to firm attachment. After 12 h of incubation, the biocompatible gels were removed with removal solutions, and the cells were incubated for an additional 72 h with either normal glucose (5.5 mM), glucose fluctuations (alternating 5.5 and 25 mM for 12 h), or glucose fluctuations with rutin (30 µM). The images of the migratory cells were captured using an Olympus IX70 microscope equipped with a digital camera (Olympus Inc., Melville, NY, USA). The area lacking migratory cells in the circle was analyzed using Image J software.

Western blot analysis
---------------------

Cells cultured with rutin (30 µM) were washed and lysed with lysis buffer \[10 mM Tris (pH 7.4), 1 mM EDTA, 1% sodium pyrophosphate-40, 0.1 mM phenylmethylsulfonyl fluoride, 20 nM sodium vanadate, and 1× cocktail solution\]. The supernatants were analyzed using a Bradford assay (Bio-Rad, Hercules, CA, USA). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a 10% resolving gel, followed by nitrocellulose membrane transfer (Bio-Rad). The membranes were blocked for 1 h at room temperature in blocking solution {5% non-fat milk in Tris buffer with Tween-20 \[TBST; 200 nM Tris, 500 mM NaCl (pH 7.5), and 0.05% Tween-20\]}, and then incubated overnight at 4℃ with anti-phospho-p44/42 MAPK, anti-phospho-MAPK kinase 1/2 (MEK1/2), anti-phospho-p38, JNK, anti-phospho-Akt, anti-phosphoinositide 3-kinase (PI3K), anti-phospho nuclear factor kappa B (NF-κB), anti-phospho-BMK1, B-cell lymphoma-extra-large (Bcl-xL), Bcl-2, anti-phospho Bad, and caspase-3 antibodies (all supplied by Cell Signaling Technology, Beverly, MA, USA except for anti-phospho-NF-κB antibody, which was sourced from Sigma). The membranes were washed with TBST (5 min with 3 changes) and incubated with peroxidase-conjugated antimouse immunoglobulin G antibody (Amersham Life Science, Arlington Height, IL, USA). Membranes were washed and visualized using the Visualizer western blot detection kit (Upstate, Lake Placid, NY, USA). Autoradiography was performed and band intensity was analyzed by densitometry using Image J software.

Measurement of intracellular reactive oxygen species generation
---------------------------------------------------------------

VSMCs were plated in 96-well plates (Corning) at a density of 1×10^4^ cells/well in culture medium. At the end of the incubation time, adherent or suspended cells were treated with 5 µg/mL dichlorofluorescein diacetate (ECF-DA, Abcam, Cambridge, MA, USA) for 5 min. After washing with PBS, adherent cells were lysed in 1 mL of radioimmunoprecipitation assay buffer (RIPA, Merck Millipore, Damstard, Germany) buffer and analyzed immediately by fluorescence spectrophotometric analysis at 510 nm. Data are presented normalized to total protein content.

Statistical analysis
--------------------

Data are expressed as mean±standard deviation. Statistical analysis was performed with Student\'s t-test or 1-way analysis of variance, and *p*\<0.05 was considered statistically significant.

RESULTS
=======

Rutin dose-dependently mitigates the induction of VSMC proliferation by glucose fluctuations
--------------------------------------------------------------------------------------------

To evaluate the effect of rutin on VSMC proliferation, cells were treated with glucose at 5.5 mM, followed by another exposure of 5.5 or 25 mM every 12 h, and cell proliferation was measured. Cell proliferation increased without a change in cell morphology in cells treated with glucose fluctuation, compared with control (100±0.90% vs. 157±1.32%; *p*\<0.05) ([Fig. 1](#F1){ref-type="fig"}). Rutin applied at concentrations of 1, 10, 30, or 100 µM for 72 h before the fluctuation in glucose levels dose-dependently attenuated the increase in cell proliferation induced by fluctuation in glucose levels. Taken together, our results demonstrate that rutin has an anti-proliferative effect on VSMC exposed to fluctuating glucose concentrations.

Rutin inhibits the proliferation of VSMCs by suppressing phosphorylation of MEK1/2 and ERK1/2 following exposure to glucose fluctuation
---------------------------------------------------------------------------------------------------------------------------------------

To investigate the influence of rutin on signal transduction pathways, cells were exposed to the fluctuating glucose condition, and the protein levels of MEK1/2, ERK1/2, p38, JNK, PI3K, Akt, and NF-κB were measured. Protein levels of phospho-MEK1/2 (100±0.57% vs. 149±1.25%; *p*\<0.05) and phospho-ERK1/2 (100±4.2% vs. 166±0.8%; *p*\<0.05), were elevated in cells exposed to fluctuating glucose, compared with control, while those of phospho-p38 and phospho-JNK were unchanged ([Fig. 2](#F2){ref-type="fig"}). Meanwhile, phospho-PI3K (100±3.22% vs. 193±2.62%; *p*\<0.05) and phospho-NF-κB (100±1.55% vs. 170±4%; *p*\<0.05) protein levels were elevated in cells exposed to glucose fluctuation, compared with control, whereas those of phospho-Akt were unchanged ([Fig. 3](#F3){ref-type="fig"}).

The phospho-protein levels of MEK1/2, ERK1/2, PI3K, and NF-κB were reduced, while those of p38, JNK, and Akt were unaltered in cells pretreated with 30-µM rutin 72 h prior to glucose fluctuation. Together, our results indicate that MEK1/2, ERK1/2, and NF-κB are involved in the rutin-induced antiproliferative effect on VSMCs. This effect was confirmed using ERK inhibitor PD98059 and PI3K inhibitor wortmannin ([Fig. 4](#F4){ref-type="fig"}).

Rutin-induced antiproliferative effect is not related to apoptosis in VSMCs exposed to glucose fluctuation
----------------------------------------------------------------------------------------------------------

To identify the impact of rutin on expression of apoptosis-related proteins, cells were pretreated with rutin at a concentration of 30 µM for 72 h prior to glucose fluctuation. Interestingly, no changes in the protein levels of caspase-3, Bcl-xL, Bcl-2, and phospho-Bad were observed, suggesting that apoptosis does not play a role in anti-proliferative effects in VSMCs exposed to glucose fluctuation, regardless of rutin pretreatment ([Fig. 5](#F5){ref-type="fig"}).

Rutin inhibits migration of VSMCs with concomitant increase of BMK1 under conditions of glucose fluctuation
-----------------------------------------------------------------------------------------------------------

Since we demonstrated that glucose fluctuation caused VSMC proliferation, which was prevented by rutin, we chose to examine whether glucose fluctuation in the presence or absence of rutin affected the migration of VSMCs. Cell migration (83.4±12.4% vs. 45.1±19.2%; *p*\<0.05) and phospho-BMK1 protein levels were higher in cells exposed to glucose fluctuation ([Fig. 6](#F6){ref-type="fig"}). The effect of fluctuation in glucose levels on cell migration and phospho-BMK1 protein levels was attenuated in cells pretreated with 30-µM rutin for 72 h prior to glucose fluctuation (83.4±12.4% vs. 35.7±7.5%; *p*\<0.001). Our results reveal that rutin suppresses the migration, as well as proliferation, of VSMCs exposed to glucose fluctuation in conjunction with an increase in BMK1.

Rutin inhibits ROS production in VSMCs under conditions of fluctuating glucose levels
-------------------------------------------------------------------------------------

To identify the inhibitory effect of rutin on production of reactive oxygen species (ROS), we analyzed ROS levels using fluorescence spectrophotometric analysis. ROS production was enhanced in cells exposed to glucose fluctuations, compared with control cells (61.5±21.0% vs. 145.3±13.7% in control cells and cells exposed to fluctuations in glucose levels; *p*\<0.05). Elevated ROS levels induced by glucose fluctuation were decreased by rutin treatment (145.3±13.7% vs. 74.2±11.9%; *p*\<0.05) ([Fig. 7](#F7){ref-type="fig"}).

DISCUSSION
==========

In this study, we successfully demonstrated that intermittent hyperglycemia results in proliferation of VSMCs and that the antioxidant rutin inhibits the proliferation and migration of VSMCs by suppressing the phosphorylation of MEK1/2, MAPK, PI3K, NF-κB, and BMK1, and production of ROS. To the best of our knowledge, this is the first study to report the inhibitory effects of rutin on VSMC proliferation and migration due to glycemic variability.

Rutin is a member of the flavonoid family, and to date, more than 2000 flavonoids have been described.[@B12] Their positive effects may be partially related to inhibitory actions in atherosclerosis, brain ischemia, tumors, inflammation, and oxidative stress.[@B13][@B14][@B15] Rutin has been shown to have antioxidative, anti-inflammatory, antiallergic, antiviral, and anti-cancer effects.[@B16] Furthermore, a dose-dependent protective effect of flavonoids against the development of atherosclerosis may exist.[@B13][@B17][@B18][@B19][@B20] However, the anti-atherogenic effects of rutin in diabetes with fluctuating glucose conditions are unknown, and there is insufficient data concerning the effects of rutin on the proliferation of VSMCs.

Hyperglycemia enhances the proliferation of VSMCs, which is a critical step in the pathogenesis of atherosclerosis.[@B21][@B22][@B23] Although the exact pathophysiologic mechanism linking hyperglycemia to atherosclerosis remains unclear, diabetes increases the risk of myocardial infarction, stroke, amputation, and death.[@B23][@B24] Compared with normal glucose-tolerant individuals, those with impaired glucose tolerance and type 2 diabetes predominantly display greater intraday glucose fluctuations. Patients with type 2 diabetes show increased postprandial glucose excursion, higher overnight glucose levels, and greater interday fluctuations.[@B25] Kim, et al.[@B26] showed that intermittent high glucose caused more apoptosis in insulinoma cell lines than continuous hyperglycemia, likely through an effect on forkhead box O-Sirtuin 1 (FOXO-SIRT) pathway. Monnier, et al.[@B5] reported that glucose fluctuations during postprandial periods exhibited a more specific triggering effect on oxidative stress than chronic sustained hyperglycemia in type 2 diabetes patients, which contributes to vascular damage.

Numerous studies have suggested that rutin has antiatherogenic effects. Rutin is an inhibitor of the protein disulfide isomerase and significantly blocks thrombus formation in rats.[@B27] Rodrigues, et al.[@B14] have suggested that rutin is able to promote significant recovery of sensorimotor loss after cortical focal ischemia in rats. Meanwhile, research by Lee, et al.[@B28] revealed that rutin inhibited lipopolysaccharide-induced barrier disruption, expression of cell adhesion molecules, and the migration of monocytes to human endothelial cells. Rutin also suppressed the production of tumor necrosis factor-α and suppressed the activation of NF-κB by lipopolysaccharide.[@B29] In H9c2 cells treated with an apoptotic agent (H~2~O~2~), rutin decreased expression of cleaved caspase-3, reduced the Bax/Bcl-2 ratio, inhibited H~2~O~2~-induced apoptosis, and promoted cell survival via increased phosphorylation of ERK and Akt.[@B29]

Several signaling pathways are involved in the proliferation of VSMCs. Experiments performed by Choi, et al.[@B6] in mouse cells lines demonstrated the inhibition of adhesion molecule expression in VSMCs, elicited through a down-regulation of the MAPK, Akt, and NF-κB signaling pathways. In OLETF rats, Park, et al.[@B7] reported that rosiglitazone inhibited insulin-stimulated proliferation of VSMCs by inhibition of Akt-mTOR-P70S6K cascade, and this may be mediated by the MAPK and PI3K pathways. Yerneni, et al.[@B8] demonstrated that NF-κB activation in VSMCs in the hyperglycemic state was the key mechanism for the production of VSMC factors mediating the vascular complications observed in diabetes. While Ruiz, et al.[@B30] showed that kaempferol diminished 7β-hydroxycholesterol-induced apoptosis in rat VSMCs, rutin did not affect the apoptotic signaling pathway.

In the present study, we evaluated the effects of rutin on the proliferation and migration of VSMCs provoked by glucose fluctuations. Our findings revealed that increases in the proliferation and migration of VSMCs upon fluctuating glucose concentrations are suppressed by rutin treatment, which also suppressed the phosphorylation of MEK1/2, MAPK, BMK1, PI3K, and NF-κB. However, JNK and Akt were not influenced by rutin treatment, and apoptotic signals (Bcl-xL, Bcl-2, caspase-3, and phospho-Bad) were unchanged by glucose fluctuation and rutin treatment. Similar to other reports,[@B9][@B31] our experiments indicated that the ERK, anti-PI3K, and BMK1 pathway is primarily responsive to growth factors, and plays key roles in cell proliferation and migration. BMK1 is a newly identified member of the MAPK family and is known to be sensitive to oxidative stress and hyperglycemia, especially in mesangial cells and glomeruli of OLETF rats. Yoshizumi, et al.[@B9] suggested that BMK1 is involved in the pathogenesis of atherosclerosis, particularly in diabetic nephropathy, and that BMK1 activation is implicated in VSMC migration. Our findings also point towards BMK1-dependent VSMC migration ([Fig. 6](#F6){ref-type="fig"}).

The present study possesses several limitations. Firstly, our findings do not eliminate the possible involvement of alternative transcription factors and signaling pathways. The present data suggest that the inhibitory effect of rutin on VSMCs is at least partially mediated through suppression of MAPK signaling. Secondly, we have not confirmed the effects of rutin *in vivo* in OLETF rats; however, we plan to investigate this in the future.

This study has demonstrated that the MAPK pathways play a role in the proliferation and migration of the VSMCs caused by hyperglycemic variability, which is representative of the physiologic diabetes condition. Rutin significantly reduces the proliferation and migration of VSMCs in obese type 2 diabetes rats caused by intermittent hyperglycemia via reduced phosphorylation of MEK1/2, MAPK, BMK1, PI3K, and NF-κB. These findings emphasize a beneficial effect of rutin, and future studies are necessary to determine the potential anti-atherosclerotic and anti-oxidative effects of rutin in patients and experimental animals with diabetes.
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![Inhibitory effects of rutin on proliferation of vascular smooth muscle cells (VSMCs) from Otsuka Long-Evans Tokushima Fatty (OLETF) rats at fluctuating glucose concentrations. (A) Representative photomicrographs of morphology of OLETF rat VSMCs (magnification ×100). (B) Cell proliferation was evaluated by the methylthiazoletetrazolium assay and expressed as cell viability (%). VSMCs were incubated for 72 h with or without glucose fluctuation (alternating 5.5 and 25 mM every 12 h) and rutin (1, 10, 30, and 100 µM). Data are expressed as mean±SD from 5 separate experiments. ^\*^*p*\<0.05 vs. control, ^†^*p*\<0.05 vs. glucose fluctuations. Cont, control; Fluc, glucose fluctuations.](ymj-57-373-g001){#F1}

![Inhibitory effects of rutin on proliferation of vascular smooth muscle cells (VSMCs) at fluctuating glucose concentrations through the mitogen-activated protein kinase (MAPK) signaling pathway determined by western blot analysis. VSMCs were incubated for 72 h with or without glucose fluctuation (alternating 5.5 and 25 mM every 12 h) and rutin (30 µM). Data are expressed as mean±SD from 5 separate experiments. ^\*^*p*\<0.05 vs. control, ^†^*p*\<0.05 vs. glucose fluctuations. C, control; ERK1/2, extracellular signal regulated kinase 1/2; F, glucose fluctuation; JNK, c-Jun N-terminal protein kinase; MEK1/2, mitogen-activated protein kinase kinase 1/2; R, rutin; p, phosphorylated; p38 MAPK, p38 mitogen-activated protein kinase.](ymj-57-373-g002){#F2}

![Inhibitory effects of rutin on proliferation of vascular smooth muscle cells (VSMCs) at fluctuating glucose concentrations through nuclear factor kappa B (NF-κB) and phosphoinositide 3-kinase (PI3K)/Akt pathway determined by western blot analysis. VSMCs were incubated for 72 h with or without glucose fluctuation (alternating 5.5 and 25 mM every 12 h) and rutin (30 µM). Data are expressed as mean±SD from 5 separate experiments. ^\*^*p*\<0.05 vs. control, ^†^*p*\<0.05 vs. glucose fluctuations. C, control; F, glucose fluctuation; p, phosphorylated; R, rutin.](ymj-57-373-g003){#F3}

![Effect of ERK inhibitor (PD98059) and PI3K inhibitor (wortmannin) on proliferative protein expression of glucose fluctuation-induced vascular smooth muscle cell (VSMC) with or without rutin determined by western blot analysis. VSMCs were incubated for 72 h with or without glucose fluctuation (alternating 5.5 and 25 mM every 12 h) and rutin (30 µM). And PD98059 10 and 20 µM or wortmannin 10 and 20 µM were added in control (5.5 mM) and alternating (5.5 and 25 mM) glucose medium. Data are expressed as mean±SD from 5 separate experiments. ^\*^*p*\<0.05. C, control; ERK1/2, extracellular signal regulated kinase 1/2; F, glucose fluctuation; MEK1/2, mitogen-activated protein kinase kinase 1/2; NF-κB, nuclear factor kappa B; R, rutin; p, phosphorylated; PD, PD98059; PI3K, phosphoinositide 3-kinase; W, wortmannin.](ymj-57-373-g004){#F4}

![Inhibitory effect of rutin on proliferation of vascular smooth muscle cells (VSMCs) through apoptotic pathways determined by western blot analysis. VSMCs were incubated for 72 h with or without glucose fluctuation (alternating 5.5 and 25 mM every 12 h) and rutin (30 µM). Data are expressed as mean±SD from 5 separate experiments. Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma-extra-large; C, control; F, glucose fluctuation; p, phosphorylated; R, rutin.](ymj-57-373-g005){#F5}

![Inhibitory effects of rutin on glucose fluctuation-induced vascular smooth muscle cell migration in Otsuka Long-Evans Tokushima Fatty rats. (A) The percentage inhibitory area of migratory cells was calculated using a microscope. Control (normal glucose, 5.5 mM), glucose fluctuations (alternating 5.5 mM and 25 mM every 12 h), glucose fluctuations with 30-µM rutin (rutin treatment with alternating 5.5 mM and 25 mM every 12 h). (B) Inhibitory effect of rutin on big mitogen-activated protein kinase 1 (BMK1; migration pathway) by western blot analysis. Five separate experiments were performed. ^\*^*p*\<0.05 vs. control, ^†^*p*\<0.001 vs. glucose fluctuations. C, control; F, glucose fluctuation; p, phosphorylated; R, rutin.](ymj-57-373-g006){#F6}

![Inhibitory effect of rutin on production of reactive oxygen species determined by fluorescence spectrophotometric analysis. VSMCs were incubated for 72 h with or without glucose fluctuation (alternating 5.5 and 25 mM every 12 h) and rutin (30 µM). Data are expressed as mean±SD from 5 separate experiments. ^\*^*p*\<0.05 vs. control, ^†^*p*\<0.05 vs. glucose fluctuations. C, control; F, glucose fluctuation; p, phosphorylated; R, rutin; VSMCs, vascular smooth muscle cells.](ymj-57-373-g007){#F7}
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